Introduction
============

Mitophagy is an important cellular process that not only provides nutrients for cells but also regulates cellular homeostasis in adverse microenvironments, such as under hypoxic conditions.[@cit1] Hypoxia is a key component of many physiological or pathophysiological conditions, including cardiovascular diseases, inflammation and tumors.[@cit2] It has been reported that prolonged periods of hypoxia may lead to increased cellular oxidative stress, resulting in mitochondrial damage and subsequent mitophagy.[@cit3] During mitophagy, mitochondria are sequestered into double-membrane autophagosome vesicles and then fused with lysosomes to form autolysosomes (pH 4.5--5.5), resulting in some physiological changes in the mitochondria, such as decreased pH, increased polarity and reduced viscosity.[@cit4] Mitophagy can result in the elimination of dysfunctional mitochondria and the recycling of their constituents, which plays an important role in maintaining mitochondrial quality and quantity in hypoxic microenvironments.[@cit5] Real-time visualization of the complete hypoxia-induced mitophagy process, beginning with hypoxia and leading to the degradation of mitochondria in live cells, may provide an effective way to understand mitochondrial metabolism and the relevant physiological roles in hypoxic microenvironments.

Current methods for monitoring the occurrence of mitophagy induced by hypoxia in live cells are mainly based on electron microscopy[@cit6] or analysis of protein makers, such as p62 and LC3.[@cit7] These methods are difficult to apply to live cell imaging and visualization of the complete mitophagy process induced by hypoxic microenvironments. Fortunately, molecular fluorescent probes with excellent spatiotemporal sampling capabilities have aroused great attention for the visualization of relevant physiological processes in hypoxic microenvironments.[@cit8] Near-infrared (NIR) fluorescent probes, with advantages such as minimum interference of background fluorescence and minimum photodamage,[@cit9] have been shown to exhibit a significant improvement in the real-time imaging performance applied for the tracking of the mitophagy process.[@cit10] Ratiometric fluorescent probes, with two emission bands, which can provide built-in correction for quantitative analysis,[@cit11] may be used for differentiating different levels of mitophagy in hypoxic microenvironments. However, previously reported fluorescent probes have only been able to image either hypoxia or mitophagy.[@cit10],[@cit12] The use of a single NIR fluorescent probe for the real-time monitoring of hypoxia and the corresponding levels of the resulting mitophagy simultaneously, as well as the differentiation of the mitophagy level in live cells is still a challenge. It is so significant that it will help us to provide deep insight into the relationship between hypoxic microenvironments and the induced mitophagy process.

In this work, due to the distinctive pH changes in the mitochondria in hypoxic microenvironments, we have smartly engineered a NIR fluorescent probe with a dual recognition site, NIR-HMA, for the first ever real-time simultaneous visualization of intracellular hypoxia and the resulting induced mitophagy ([Scheme 1](#sch1){ref-type="fig"}). A NIR fluorophore was chosen as the fluorescence reporter due to its mitochondrial-targeting ability and ratiometric response to pH changes.[@cit9b] NIR-HMA was designed by caging the hydroxyl group of the NIR fluorophore with the 4-nitrobenzene group, leading to quenched NIR fluorescence. In the cellular hypoxic microenvironment, the nitrobenzyl group was reduced to an amino group by nitroreductase and this was followed by a 1,6-rearrangement elimination reaction, which led to the release of NIR-MAO for monitoring the mitophagy process. NIR-HMA selectively accumulated in the hypoxic mitochondria in the NIR-MAO form, with emission at 710 nm, and then transformed into NIR-MAOH, with emission at 675 nm, in the acidified mitochondria-containing autolysosomes. A ratiometric detection strategy was used to evaluate the different levels of hypoxia and the induced mitophagy process in live cells. Importantly, NIR-HMA can track the complete mitophagy process from the mitochondria to the autolysosomes. Using NIR-HMA, we confirmed that mitophagy is a universal phenomenon not only in cancer cells but also in normal cells. In addition, NIR-HMA could differentiate mitophagy that is only induced by hypoxia from other types of mitophagy in live cells. We further applied NIR-HMA to investigate the role mitophagy plays in hypoxic microenvironments *via* the cycling hypoxia-reoxygenation model, which suggests that mitophagy may be a self-protective process that allows cells to adapt to hypoxia.

![(a) The structural changes of NIR-HMA and (b) a schematic diagram of NIR-HMA for the visualization of hypoxia-induced mitophagy.](c8sc01684d-s1){#sch1}

Results and discussion
======================

Mitophagy is the process by which damaged mitochondria eventually fuse with lysosomes to form acidic autolysosomes (pH 4.5--5.5), which results in a decrease in the mitochondrial pH,[@cit4] thus ultrasensitive pH fluorescent probes with mitochondria-targeting capabilities will be feasible for the visualization of mitophagy. Generally, hypoxia is accompanied by increased levels of intracellular reductive enzymes, such as nitroreductase (NTR), which is a key indicator of hypoxic microenvironments.[@cit12] Mitophagy is also closely related to the degree of hypoxia, so an ideal fluorescent probe for the visualization of hypoxia and the resulting induced mitophagy should be able to simultaneously respond to pH changes in the mitochondria and the degree of cellular hypoxia. As reported, nitroaromatic compounds can be used as a substrate for NTR in the presence of reduced NADH in hypoxic microenvironments.[@cit13] Near-infrared 2,3-dihydro-1*H*-xanthene-6-ol fluorochromes based on the intramolecular charge transfer (ICT) mechanism are pH sensitive owing to the protonation/deprotonation of the hydroxyl groups in their molecular skeleton.[@cit9b] Taking together all of these factors, NIR-HMA was produced with 4-nitrobenzene, which is a recognition moiety for nitroreductase (NTR), smartly tethered to the hydroxyl group of the NIR fluorochrome, which has mitochondria-targeting capabilities and can help to visualize mitochondrial pH changes *via* ratiometric fluorescence ([Scheme 1a](#sch1){ref-type="fig"}). Consequently, NIR-HMA is non-fluorescent, with 4-nitrobenzene acting as a quenching and hypoxia-responsive moiety, while the reaction with NTR will result in the reduction of the nitro moiety, followed by the 1,6-rearrangement elimination reaction, and thus the rapid release of the "caged" fluorochrome. Simultaneously, the released fluorochrome (NIR-MAO) leads to ratiometric fluorescence for pH visualization with emission at 710 nm under neutral conditions (NIR-MAO form) and 675 nm under acidic conditions (NIR-MAOH form).

NIR-HMA was synthesized according to Scheme S1.[†](#fn1){ref-type="fn"} The starting materials, 4-chlororesorcinol and 4-nitrobenzyl bromide, are commercially available and compound IR-780 was prepared according to a previously reported procedure.[@cit9b] NIR-MAOH was synthesized *via* a retro-Knoevenagel reaction by reacting IR-780 with 4-chlororesorcinol in the presence of triethylamine in DMF at 60 °C for 5 h. The synthetic methodology for the probe NIR-HMA is outlined in Scheme S1,[†](#fn1){ref-type="fn"} and its structure was confirmed using ^1^H NMR, ^13^C NMR and MS (ESI[†](#fn1){ref-type="fn"}).

The absorption spectrum of NIR-HMA shows an obvious red shift from 600 to 680 nm in the presence of NTR (Fig. S1a[†](#fn1){ref-type="fn"}). NIR-HMA, without the addition of NTR, showed almost no fluorescence and this was attributed to the hydroxyl protection and the quenching effect of the nitrobenzene moiety. With the addition of NTR, fluorescence emission at 710 nm was observed, as shown in [Fig. 1a](#fig1){ref-type="fig"}, due to the enzyme-triggered cleavage reaction and the release of free NIR-MAO. The fluorescence signal at 710 nm increased with the increasing concentration of NTR and showed a linear relationship with the concentration of NTR in the range 0.5 to 3.5 μg mL^--1^ (Fig. S1b and c[†](#fn1){ref-type="fn"}). At an NTR concentration of 10 μg mL^--1^, the fluorescence signal at 710 nm increased by about 15 times when compared with that observed when no NTR was added. The fluorescence kinetic curves for NIR-HMA with different concentrations of NTR are shown in [Fig. 1b](#fig1){ref-type="fig"}; a higher concentration of NTR could induce a faster cleavage reaction and an increased fluorescence signal. In the presence of NTR, the fluorescence signal reached a plateau in about 800 s. These results indicate that NIR-HMA can be efficiently activated by NTR to produce a turn-on NIR fluorescence signal for NTR monitoring, as well as to monitor the different degrees of hypoxia in live cells.

![Spectral profiles of NIR-HMA and NIR-MAOH. (a) The fluorescence emission spectra of NIR-HMA (5 μM) with different concentrations of NTR in the presence of 500 μM NADH at 37 °C in buffer solution. *λ*~ex~ = 670 nm. (b) A plot of the fluorescence intensity of NIR-HMA (5 μM) *vs.* reaction time with different NTR concentrations, from bottom to top: 0, 1.0, 2.5, 5.0 and 10 μg mL^--1^. *λ*~ex/em~ = 670/710 nm. (c) The fluorescence emission spectra of NIR-MAOH (5 μM) in buffer solution with different pH values from pH 3.0 to pH 8.0. *λ*~ex~ = 570 nm. (d) The linear relationship between log\[(*I*~max~ -- *I*)/(*I* -- *I*~min~)\] and pH (4.0--7.0). The p*K*~a~ value was calculated using the Henderson--Hasselbalch equation: log\[(*I*~max~ -- *I*)/(*I* -- *I*~min~)\] = pH -- p*K*~a~.[@cit14]](c8sc01684d-f1){#fig1}

Subsequently, we investigated the fluorescence response of NIR-MAOH to different pH values. When the pH was changed from basic (pH 8.0) to acidic (pH 3.0), the absorption band of NIR-MAOH shifted from 690 to 600 nm (Fig. S1d[†](#fn1){ref-type="fn"}), and an emission peak appeared at 675 nm, which increased significantly, while the emission peak at 710 nm decreased drastically ([Fig. 1c](#fig1){ref-type="fig"}). The ratiometric changes in the pH could be attributed to intramolecular charge transfer (ICT) resulting from the protonation/deprotonation of the hydroxyl group in the molecular skeleton. Moreover, NIR-MAOH showed an excellent linear response to pH, with values ranging from 4.0 to 7.0 ([Fig. 1d](#fig1){ref-type="fig"}, S1g[†](#fn1){ref-type="fn"}) and a p*K*~a~ value of 6.5, which corresponds to the pH range of the mitophagy process. We also investigated the photostability of NIR-MAOH at 675 nm and 710 nm (Fig. S1e and f[†](#fn1){ref-type="fn"}). NIR-MAOH showed good reversibility between pH 4.0 and pH 7.4 (Fig. S1h and i[†](#fn1){ref-type="fn"}), which was attributed to the reversible protonation/deprotonation of the hydroxyl group. It was clear that the fluorescence signals collected at 675 nm and 710 nm were comparatively stable, proving that NIR-MAOH is photostable under physiological conditions. These results indicate that NIR-MAOH might be suitable for the accurate monitoring of physiological pH variations during the mitophagy process.

The selectivity of NIR-HMA for NTR and the effect of the interference of other potential species on NIR-MAOH were evaluated. As shown in Fig. S2a,[†](#fn1){ref-type="fn"} in the presence of interfering species with excess concentrations, no obvious change in the fluorescence intensity was observed, while NIR-HMA incubated with NTR showed a remarkable increase in the fluorescence emission. These results demonstrate that the probe is highly selective for NTR over other related species. Meanwhile, these relevant species also showed negligible interference for the fluorescence of NIR-MAOH at pH 4.5 (Fig. S2b[†](#fn1){ref-type="fn"}). The cytotoxicities of NIR-HMA and NIR-MAOH towards HeLa cells were evaluated using the standard CCK-8 assay. As displayed in Fig. S3,[†](#fn1){ref-type="fn"} NIR-HMA and NIR-MAOH showed low cytotoxicity and good biocompatibility. The kinetic response of NIR-HMA to NTR in live cells was also investigated using a real-time imaging experiment (Fig. S4[†](#fn1){ref-type="fn"}). The results show that the fluorescence signal could reach a plateau in about 20 min (Fig. S4b[†](#fn1){ref-type="fn"}), demonstrating that NIR-HMA can respond to hypoxia rapidly in live cells.

Firstly, we cultured HeLa cells in normoxic (20% O~2~) and hypoxic microenvironments (0.1% O~2~) over different time ranges and then treated them with NIR-HMA. As shown in Fig. S5,[†](#fn1){ref-type="fn"} in the normoxic microenvironment, weak fluorescence signals were observed. However, with increasing culture time in the hypoxic microenvironment, the fluorescence signals increased as NIR-HMA responded to different levels of hypoxia. Furthermore, the localization of NIR-HMA in the cells was tested by co-staining of the live cells with NIR-HMA and LysoTracker Green, MitoTracker Green, and ERTracker Red. As shown in Fig. S6,[†](#fn1){ref-type="fn"} the fluorescence image of NIR-HMA in the green and red channel (Fig. S6a--d[†](#fn1){ref-type="fn"}) showed a poor Pearson's correlation coefficient (0.58). The confocal images showed that the fluorescence of NIR-HMA overlaps well with the commercially available mitochondrial tracking dye (MitoTracker Green) with a high Pearson's correlation coefficient (0.95), indicating that NIR-HMA selectively accumulated in the mitochondria initially (Fig. S6i--l[†](#fn1){ref-type="fn"}). For comparison, NIR-HMA co-stained with LysoTracker Green (Fig. S6e--h[†](#fn1){ref-type="fn"}) and ERTracker Red (Fig. S6m--p[†](#fn1){ref-type="fn"}) showed poor co-localization with a low Pearson's correlation coefficient of 0.38 and 0.66, respectively. In order to further confirm the anchoring ability of NIR-HMA, we conducted real-time co-localization experiments with MitoTracker Green to check whether the probe was bound to the mitochondria before and during the mitophagy process. MitoTracker Green, a mitochondria-targeting dye, has a benzyl chloride group in its molecular skeleton which can covalently bind to mitochondrial proteins and anchor in the mitochondria for a long time.[@cit10b] As shown in Fig. S7,[†](#fn1){ref-type="fn"} both NIR-MAOH under normoxia and NIR-HMA under hypoxia showed a high Pearson's correlation coefficient (\>0.83) with MitoTracker Green from 3 h to 15 h. These co-localization results prove that NIR-HMA anchored predominantly in the organelles containing mitochondria rather than in the lysosomes or other organelles. Moreover, NIR-HMA showed a satisfactory mitochondria-anchoring ability and limited leakage from the organelles containing mitochondria, which was attributed to its lipophilic quaternary ammonium salt skeleton, meaning that it will tend to remain in the more lipophilic autophagic mitochondria. All of these results demonstrate that the NIR-HMA probe could be used for effective tracking of the mitophagy process.

To prove that NIR-HMA could achieve real-time simultaneous visualization of the hypoxic microenvironment and the resulting induced mitophagy in live cells, we constructed a hypoxia model, in which a severe hypoxic microenvironment (∼0.1% O~2~) was generated using an AnaeroPack in a clear container ([Fig. 2a](#fig2){ref-type="fig"}), and we then cultured HeLa cells in a container with NIR-HMA at different times to induce mitophagy. With the prolongation of hypoxia, the fluorescence emission intensity in the green channel (625--680 nm) increased gradually while the fluorescence in the red channel (705--760 nm) decreased ([Fig. 2b](#fig2){ref-type="fig"}). The ratio images were obtained from the green and red channels, and the ratio (*F*~green\ channel~/*F*~red\ channel~) excludes the influence of photobleaching of the probes for long-time imaging and can be used for the quantification of the mitophagy level ([Fig. 2c](#fig2){ref-type="fig"}).[@cit11] Remarkable pseudocolor changes indicated the different mitophagy levels, and the level of mitophagy increased with the prolongation time in the hypoxic microenvironment from 3 to 15 h ([Fig. 2b and c](#fig2){ref-type="fig"}). Combined with the real-time co-localization experiments using MitoTracker Green, the fluorescence change from red to green was mainly induced by mitophagy. In order to further demonstrate the occurrence of mitophagy and the successful construction of a hypoxia model, we explored the hypoxia-induced mitophagy process in HeLa cells using the western blotting experiment. As reported, when mitophagy is activated, the LC3-I (16 kD) protein localized in the cytoplasm is cleaved, lipidated and inserted as LC3-II (14 kD) into autophagosome membranes.[@cit15] Thus, an increase in the LC3-II level is a characteristic of mitophagy and is associated with an increased number of autophagosomes.[@cit6] In the HeLa cells, the level of LC3-II was significantly enhanced in the first 3 h of hypoxia in 0.1% O~2~, suggesting the occurrence of the mitophagy process and the successful construction of a hypoxia-induced mitophagy model. Also, a decreasing level of LC3-II was observed from 3 h to 15 h of hypoxia which may be ascribed to the formation of autolysosomes and the degradation of LC3 for long-term mitophagy ([Fig. 2d and e](#fig2){ref-type="fig"}). These results demonstrate that NIR-HMA could be used for real-time visualization and differentiation of different degrees of hypoxic microenvironments as well as the corresponding levels of induced mitophagy in live cells.

![Real-time tracking of hypoxia and the resulting induced mitophagy simultaneously in HeLa cells with NIR-HMA. (a) Construction of a hypoxic microenvironment (∼0.1% O~2~) using an AnaeroPack-cell. (b) Fluorescent images of HeLa cells incubated with NIR-HMA (5 μM) and then exposed to normoxia (21% O~2~) or hypoxia (∼0.1% O~2~) for 3 h, 6 h, 9 h, 12 h and 15 h. Green channel: 625--680 nm, red channel: *λ*~em~ = 705--760 nm, *λ*~ex~ = 543 nm. The third row shows the merged images of the green channel and red channel. The fourth row shows the corresponding bright field images. The images of the ratio channel (*F*~green\ channel~/*F*~red\ channel~) were acquired using ImageJ software. Scale bar: 20 μm. (c) The normalized average fluorescence intensity of the ratio channel in (b). (d) ImageJ normalized quantitative analysis of the LC3-II/GAPDH ratios from immunoblots in (e). (e) The HeLa cells were exposed to the hypoxic microenvironment for the indicated times. Conversion of LC3-I to LC3-II in HeLa cells subjected to hypoxia from 0 h to 15 h. The total cell extracts were analyzed using western blotting with antibodies against LC3.](c8sc01684d-f2){#fig2}

In hypoxic microenvironments, damaged mitochondria are sequestered into autophagosomes, which are then delivered and fuse with lysosomes to form autolysosomes.[@cit4] We applied NIR-HMA to track the complete process of mitophagy induced by hypoxic microenvironments from mitochondrion to autolysosome in live cells. First, to explore whether NIR-HMA can track mitophagosomes, which is a neutral organelle that contains mitochondria but is not fused with a lysosome,[@cit4] a transfect test was conducted by incubating with Ad-GFP-LC3, an adenovirus expressing GFP-LC3 fusion protein, which is a mitophagosomal marker. As shown in [Fig. 3a](#fig3){ref-type="fig"}, almost all of the patches of the GFP fluorescence merged with the fluorescence regions of NIR-HMA in the red channel, demonstrating that NIR-HMA can also track mitophagosomes. However, only slight GFP-LC3 fluorescence merged with the fluorescence of NIR-HMA in the green channel, which might be ascribed to the degradation of GFP-LC3 in the acidic autolysosome. The fluorescence regions of NIR-HMA in the green channel (NIR-MAOH form) were observed not only within the regions that were stained with MitoTracker Green ([Fig. 3b](#fig3){ref-type="fig"}), but they also overlapped well with the LysoTracker Green stained regions ([Fig. 3c](#fig3){ref-type="fig"}), which suggests that NIR-HMA can track mitochondria-containing autolysosomes derived from mitophagy because the regions of mitochondria-containing autolysosomes may be stained by MitoTracker Green and LysoTracker Green simultaneously. In addition, HCQ, a lysosomotropic agent, can neutralize the acidic environment in lysosomes and block the fusion of the autophagosomes and lysosomes.[@cit16] As shown in Fig. S8,[†](#fn1){ref-type="fn"} in the green channel, the fluorescence of NIR-HMA in HCQ-treated cells was much weaker than that in nontreated cells, while in the red channel, the fluorescence of NIR-HMA in HCQ-treated cells was brighter than that in non-treated cells, demonstrating that NIR-HMA can track autolysosomes, whose formation is disrupted by HCQ. A real-time localization experiment of NIR-HMA and LysoTracker Green was also carried out (Fig. S9[†](#fn1){ref-type="fn"}). The results show that the overlapped regions of NIR-HMA and LysoTracker Green increased with the prolonged times of hypoxia, proving that NIR-HMA could be used for real-time tracking of the formation of mitochondria-containing autolysosomes.

![Fluorescence images of HeLa cells for tracking the hypoxia-induced mitophagy process. (a) HeLa cells pretreated with Ad-GFP-LC3 (40 MOI) for 48 h and then incubated with NIR-HMA (5 μM) under hypoxia for 6 h. Ad-GFP-LC3: *λ*~ex~ = 488 nm, *λ*~em~ = 500--550 nm, green channel: *λ*~ex~ = 543 nm, *λ*~em~ = 625--680 nm, red channel: *λ*~ex~ = 543 nm, *λ*~em~ = 705--760 nm. (b) HeLa cells incubated with NIR-HMA (5 μM) under hypoxia for 6 h and then MitoTracker Green (100 nM) for 30 min. MitoTracker Green: *λ*~ex~ = 405 nm, *λ*~em~ = 450--530 nm, green channel: *λ*~ex~ = 543 nm, *λ*~em~ = 625--680 nm, red channel: *λ*~ex~ = 543 nm, *λ*~em~ = 705--760 nm. (c) HeLa cells incubated with NIR-HMA (5 μM) under hypoxia for 6 h and then LysoTracker Green (100 nM) for 30 min. LysoTracker Green: *λ*~ex~ = 405 nm, *λ*~em~ = 425--525 nm, green channel: *λ*~ex~ = 543 nm, *λ*~em~ = 625--680 nm, red channel: *λ*~ex~ = 543 nm, *λ*~em~ = 705--760 nm, scale bar: 20 μm.](c8sc01684d-f3){#fig3}

Subsequently, we applied NIR-HMA for the visualization of hypoxia-induced mitophagy in different cell lines, including normal cells and cancer cells. As shown in [Fig. 4](#fig4){ref-type="fig"}, intracellular fluorescence was detected in live cells of each line, confirming that mitophagy is a common physiological process that allows cells to adapt to hypoxic microenvironments whether they are normal cells or cancer cells. The fluorescence signal ratio (*F*~green\ channel~/*F*~red\ channel~) varied from cell line to cell line, reflecting the fact that different mitophagy levels occurred in different cells. To investigate the specificity of NIR-HMA for imaging mitophagy caused by hypoxia, we carried out a validation test in HeLa cells by adding rapamycin and EBSS to induce mitophagy. Rapamycin, an inhibitor of the mammalian target of rapamycin (mTOR),[@cit17] induces mitophagy in malignant glioma cells. EBSS, a kind of balanced salt solution, creates a nutrient deficient environment to induce mitophagy.[@cit18] As shown in Fig. S10,[†](#fn1){ref-type="fn"} cells incubated with the contrast probe NIR-MAOH displayed strong fluorescence not only in hypoxic microenvironments but also in EBSS and rapamycin media. The fluorescence signal of cells incubated with NIR-HMA was observed only in the hypoxic microenvironment, indicating that NIR-HMA can only track mitophagy that is induced by hypoxia rather than other types of mitophagy.

![Fluorescence images of hypoxia-induced mitophagy in several cell lines. (a) HeLa, HepG-2, MCF-7 and HL-7702 cells incubated with NIR-HMA (5 μM) and then exposed to a hypoxic (∼0.1% O~2~) microenvironment for 8 h. *λ*~ex~ = 543 nm, green channel: *λ*~em~ = 625--680 nm, red channel: *λ*~em~ = 705--760 nm. The third line shows the merged images of the green channel and red channel. The images of the ratio channel (*F*~green\ channel~/*F*~red\ channel~) were acquired using ImageJ software. Scale bar: 20 μm. (b) The normalized average fluorescence intensity of the ratio channel in (a).](c8sc01684d-f4){#fig4}

Next, we applied NIR-HMA to investigate the role that mitophagy plays in the hypoxic microenvironment by conducting a cycling hypoxia-reoxygenation (H/R) experiment ([Fig. 5a](#fig5){ref-type="fig"}). [Fig. 5b](#fig5){ref-type="fig"} shows the fluorescence images of HeLa cells incubated with NIR-HMA during H/R cycles. Quantitative analysis showed that the fluorescence ratio value of the reoxygenated cells was much lower than that in hypoxic cells, indicating that there is no increase in the mitophagy level after reoxygenation both in H/R cycle 1 and 2. In H/R cycle 2, the cells showed a higher fluorescence ratio value when compared with H/R cycle 1, both in hypoxic cells and reoxygenated cells ([Fig. 5b and c](#fig5){ref-type="fig"}). The real-time experiments also showed the gradual change in the fluorescence ratio value with the prolongation of the reoxygenation time (Fig. S11a and b[†](#fn1){ref-type="fn"}), and a mitophagy level close to the initial state was observed under reoxygenation for a long time using western blotting analysis (Fig. S11c and d[†](#fn1){ref-type="fn"}). Since cycling hypoxia may cause an increased level of mitophagy and the mitophagy levels are no longer increased during reoxygenation, this may suggest that the nutrients provided by mitophagy are no longer necessary. These findings lead us to believe that mitophagy in hypoxic microenvironments is more of a cell protection function that allows cells to adapt to the adverse conditions.

![Cycling hypoxia-reoxygenation (H/R) experiment for exploring the function of hypoxia-induced mitophagy. (a) An abstract diagram of the hypoxia-reoxygenation (H/R) model. (b) Fluorescence images of the HeLa cells incubated with NIR-HMA (5 μM) under cycling hypoxia (∼0.1% O~2~) and then reoxygenation (21% O~2~). Control: HeLa cells incubated with NIR-HMA (5 μM) under normoxia (21% O~2~). H/R cycle 1/2: HeLa cells exposed to 1 or 2 cycles of 3 h hypoxia followed by 6 h of reoxygenation. *λ*~ex~ = 543 nm, green channel: *λ*~em~ = 625--680 nm, red channel: *λ*~em~ = 705--760 nm. The images of the ratio channel (*F*~green\ channel~/*F*~red\ channel~) were acquired using ImageJ software. Scale bar: 20 μm. (c) Normalized average fluorescence intensity of the ratio channel in (b). C: control, H: hypoxia, R: reoxygenation.](c8sc01684d-f5){#fig5}

Conclusions
===========

In summary, we have smartly engineered a NIR fluorescent probe, NIR-HMA, with dual recognition sites for real-time simultaneous visualization of different degrees of hypoxic microenvironments and differentiation of the corresponding mitophagy level in live cells. In the hypoxic microenvironment, the overexpressed NTR catalyzed the conversion of NIR-HMA to NIR-MAO, resulting in remarkable fluorescence enhancement, emitting at 710 nm, and high sensitivity to different degrees of hypoxia. During hypoxia-induced mitophagy, the acidified mitochondria caused the protonation of the hydroxyl group of NIR-MAO, forcing the emission wavelength to shift from 710 nm (NIR-MAO) to 675 nm (NIR-MAOH). Subsequently, we successfully applied NIR-HMA for real-time tracking of the complete mitophagy process in live cells. The remarkable changes in the ratiometric fluorescence reflected the different degrees of hypoxia and the subsequent induced mitophagy. Moreover, NIR-HMA is a special probe for imaging mitophagy induced by hypoxia only, and can visualize mitophagy induced by hypoxia in both cancer cells and normal cells. Based on the cycling hypoxia-reoxygenation model, we observed that mitophagy might be a self-protective process that allows cells to adapt to hypoxic microenvironments. Our designed probe may provide an effective tool for further exploration of relevant physiological processes in hypoxic microenvironments.
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